In this paper, the out-of-phase (OP) thermomechanical fatigue (TMF) hysteresis of fiber-reinforced ceramicmatrix composites subjected to different loading sequences has been investigated. The relationships between the OP TMF hysteresis, fiber/matrix interface debonding/sliding and multiple loading sequence have been established. The OP TMF hysteresis loops and interface damage for different loading sequences, cycle numbers and thermal cyclic temperature ranges have been analyzed. Comparisons of OP TMF hysteresis between single and multiple loading sequences have been conducted. The stressstrain hysteresis loops and fiber/matrix interface debonding/sliding of cross-ply SiC/MAS composites subjected to single and multiple loading sequences have been predicted.
Introduction
The development of high-temperature materials over the past forty years has been one of the key factors responsible for improvements in the performance of gas turbines. Ceramic matrix composites (CMCs), particularly those reinforced with continuous fibers, are damage tolerant, tough, lightweight and capable of withstanding temperatures 500°F hotter than nickel (Ni) super-alloys can endure. 1) ,2) The LEAP aircraft engine, manufactured by CFM International, became the first widely developed CMC-containing product in 2016. 3) Real-life applications dictate the need to determine the mechanical behavior of this material in environments involving cycling loads and cycling temperatures which is known as thermomechanical fatigue (TMF). 4) Zhang et al. 5) investigated tensile strength degradation of 2.5D C/SiC composites under thermal cycles between 900 and 300°C in an air environment. The modulus of a 2.5D C/SiC composite decreases with increasing thermal cycles due to weakening of the bonding strength between the fibers and matrix. Dong et al. 6) investigated the fatigue behavior of 2D C/SiC composites modified with SiBC ceramic at elevated temperatures. The quantity and formation rate of borosilicate glass formed from SiBC ceramic affect the crack healing and fatigue lifetime of the composite. Damage caused by fatigue stress accelerates oxidation damage during the fatigue process. Li 7) investigated the cyclic fatigue hysteresis loops of unidirectional SiC/CAS-II composites under multiple loading sequences at room temperature. The synergistic effects of the loading sequence and thermal cyclic temperature have not been analyzed. Li 8) investigated the cyclic fatigue hysteresis loops of C/SiC composites under multiple loading stress levels at room temperature. Li 9) investigated out-of-phase thermomechanical fatigue hysteresis loops under singlepeak stress. In the studies mentioned above, however, the out-of-phase thermomechanical fatigue hysteresis loops of fiber-reinforced CMCs under multiple loading stress levels have not been investigated.
The objective of this paper is to investigate the out-ofphase TMF hysteresis of fiber-reinforced CMCs subjected to different loading sequences. The effects of the loading sequence, thermal cycle number and temperature range on TMF hysteresis and interface damage are discussed. Comparisons between the out-of-phase TMF hysteresis loops of single and multiple loading sequences are analyzed. The out-of-phase TMF hysteresis loops and fiber/matrix interface debondin/sliding of cross-ply SiC/MAS composites subjected to single and multiple loading sequences are predicted.
Theoretical analysis
Under thermomechanical fatigue loading, the thermal cyclic temperature exerts effects on the thermomechanical fatigue behavior of fiber-reinforced CMCs, i.e., matrix multiple cracking, fiber/matrix interface debonding/sliding and thermal residual stress. 10) 16) The temperature and cyclic-dependent fiber/matrix interface shear stress can be described using the following equation:
where ® denotes the interface frictional coefficient;
18), 19) ¡ rf and ¡ rm denote the fiber and matrix radial thermal expansion coefficient, respectively; A is a constant depending on the elastic properties of the matrix and fibers; anḑ 0 (N ) denotes the cyclic-dependent fiber/matrix interface shear stress, and degrades with applied cycles due to the fiber/matrix interface wear or interface oxidation: 20) ð¸i nitial À¸s teady Þ=¸0ðNÞ À¸s teady Â Ã
where¸i nitial denotes the fiber/matrix interface shear stress at the first applied cycle;¸s teady denotes the final fiber/ matrix interface shear stress; b 0 is a coefficient; and j is an exponent determining the rate at which the interface shear stress drops with the number of cycles N. After experiencing N 1 applied cycles at peak stress of · max1 , the fiber/matrix interface shear stress becomes degraded in the debonded region. With increases in peak stress from · max1 to · max2 , the new fiber/matrix interface debonded length and interface slip lengths are affected by the interface damage caused by the previous peak stress. Upon unloading from · max2 , the fiber axial stress distribution upon unloading can be described using the following equation.
where · denotes the applied stress; V f and V m denote the volume content of the fiber and the matrix, respectively; r f denotes the fiber radius; y denotes the interface counter slip length; ² denotes the interface wear length; l d denotes the interface debonded length; l c denotes the matrix crack spacing; · fo and · mo denote the fiber and matrix stress in the bonded region; and μ denotes the shear-lag parameter. 21 )
where ¦ d denotes the interface debonded energy. Upon reloading to · max2 , the fiber axial stress distribution can be described using the following equation:
where z denotes the interface new-slip length. ð7Þ When damage occurs within the composite, the composite strain can be described using the following equation:
where ¡ lc and ¡ lf denote the axial thermal expansion coefficient of the composite and the fiber, respectively; and ¦T denotes the temperature difference between the fabricated temperature and testing temperature. When substituting the unloading and reloading fiber axial stress distributions into Eq. (8), the unloading and reloading stressstrain relationships can described using the following equations:
Results and discussions
The material properties of the ceramic composite system of SiC/SiC is used for the case study are given by:
The effects of the loading sequence, thermal cycle number and temperature range on the out-of-phase TMF hysteresis of SiC/ SiC composites have been analyzed. Comparisons between out-of-phase TMF hysteresis loops for single and multiple loading stress levels have been analyzed.
Effect of TMF peak stress with different sequences
Under multiple loading stress levels, the TMF hysteresis loops and interface slip lengths are affected by the peak stress of different sequences. The effects of first peak stress (· max1 = 120 and 160 MPa) on out-of-phase TMF hysteresis loops and fiber/matrix interface debonding/sliding lengths under multiple loading stress levels of · max2 = 200 MPa in the temperature range of T 1 = 100°C and T 2 = 1000°C are shown in Fig. 1 .
When · max1 = 120 MPa, the TMF hysteresis loop area is 31.5 kJ/m 3 ; the interface debonded length occupies 80% of the matrix crack spacing; upon completely unloading or reloading to the peak stress, the fiber/matrix interface slip lengths approach 52% of the matrix crack spacing; and the TMF hysteresis loops under · max1 = 120 MPa and · max2 = 200 MPa correspond to the interface partial debonding (i.e., 2l d /l c = 80%) and the fiber partial sliding relative to the matrix in the interface debonded region (i.e., 2y max / l c = 2z max /l c = 52%).
With increases in first peak stress from · max1 = 120 to 160 MPa, the TMF hysteresis loops area increases to 39.5 kJ/m 3 ; the interface debonded length increases to 90% of the matrix crack spacing; and the interface counter/new slip lengths increase to 62% of matrix crack spacing; and the TMF hysteresis loops under · max1 = 160 MPa and · max2 = 200 MPa correspond to the interface partial debonding (i.e., 2l d /l c = 90%) and the fiber partial sliding relative to the matrix in the interface debonded region (i.e., 2y max /l c = 2z max /l c = 62%).
The effect of second-peak stress (· max2 = 140 and 160 MPa) on the out-of-phase TMF hysteresis loops and fiber/ matrix interface debonding/sliding lengths under multiple loading stress levels of · max1 = 120 MPa in the temperature range of T 1 = 100°C and T 2 = 1000°C are illustrated in Fig. 2 .
When · max2 = 140 MPa, the TMF hysteresis loop area is 13.2 kJ/m 3 ; and the interface debonded length occupies 57% of the matrix crack spacing. Upon complete unloading or reloading of the peak stress, the interface slip lengths approach 42% of the matrix crack spacing; and the TMF hysteresis loops under · max1 = 120 MPa and · max2 = 140 MPa correspond to the interface partial debonding (i.e., 2l d /l c = 57%) and the fiber partial sliding relative to the matrix in the interface debonded region (i.e., 2y max / l c = 2z max /l c = 42%).
With increases in second peak stress from · max2 = 140 to 160 MPa, the TMF hysteresis loop area increases to 18.1 kJ/m 3 ; the interface debonded length increases to 64.5% of the matrix crack spacing; the interface counter/ new slip lengths increase to 45.5% of the matrix crack spacing; and the TMF hysteresis loops under · max1 = 140 MPa and · max2 = 160 MPa correspond to the interface partial debonding (i.e., 2l d /l c = 64.5%) and the fiber partial sliding relative to the matrix in the interface debonded region (i.e., 2y max /l c = 2z max /l c = 45.5%).
Effect of the TMF cycle number
The effects of the cycle number (N = 1, 10 and 100) on the out-of-phase TMF hysteresis loops and fiber/matrix interface debonding/sliding lengths under multiple loading stress levels of · max1 = 140 MPa and · max2 = 200 MPa in the temperature range of T 1 = 100°C and T 2 = 1000°C are illustrated in Fig. 3 .
With an increase in the cycle number from N = 1 to N = 100, the TMF hysteresis loops area increases from 31.5 to 63.5 kJ/m 3 ; upon completely unloading or reloading to the peak stress, the interface counter-slip length and interface new slip length increase from 52.2 to 93.3%, and the TMF hysteresis loops correspond to the interface partial debonding and the fiber sliding relative to the matrix in the interface debonded region.
Effects of the TMF cyclic temperature range
The effects of the cyclic temperature range (T 1 = 100°C, T 2 = 900, 1000 and 1100°C; T 1 = 100, 200 and 300°C, T 2 = 1100°C) on the out-of-phase TMF hysteresis loops and fiber/matrix interface debonding/sliding lengths under multiple loading stress levels of · max1 = 140 MPa and · max2 = 200 MPa are illustrated in Fig. 4 .
For the TMF cyclic temperature range of T 1 = 100°C, T 2 = 900, 1000 and 1100°C, with increasing temperature of T 2 = 900°C to T 2 = 1100°C, the TMF hysteresis loops area decreases from 35.4 kJ/m 3 to 35.1 kJ/m 3 ; and the TMF hysteresis modulus and residual strain increase; and the TMF hysteresis loops correspond to the interface partial debonding (i.e., 2l d /l c = 74.5%) and the fiber partial sliding relative to the matrix in the interface debonded region.
For the TMF cyclic temperature ranges of T 1 = 100, 200 and 300°C and T 2 = 1100°C, with an increase in the temperature of T 1 = 100°C to T 1 = 300°C, the TMF hysteresis loop area increases from 35.1 to 35.9 kJ/m 3 , the hysteresis modulus decreases and the residual strain increases; and the interface debonded length increases from 74.5 to 76.5% of the matrix crack spacing; and the TMF hysteresis loops correspond to the interface partial debonding and the fiber partial sliding relative to the matrix in the interface debonded region.
Comparisons between single and multi-
ple loading stress levels in out-of-phase thermomechanical fatigue hysteresis loops
Out-of-phase TMF hysteresis loops and fiber/matrix interface debonding/sliding lengths under single-peak stress of · max = 200 MPa and multiple loading stress levels of · max1 = 140 MPa and · max2 = 200 MPa are illustrated in Fig. 5 .
Compared with single-peak stress of · max = 200 MPa, the TMF hysteresis loop area increases from 20 to 35.2 kJ/m 3 ; the hysteresis modulus decreases and the residual strain increases; the interface debonded length increases from 44 to 62% of the matrix crack spacing; and the interface counter/new slip length increases from 28 to 57% of the matrix crack spacing under · max1 = 140 MPa and · max2 = 200 MPa. The TMF hysteresis loops under single-peak stress of · max = 200 MPa and multiple loading peak stress of · max1 = 140 MPa and · max2 = 200 MPa correspond to the interface partial debonding (i.e., 2l d / l c = 44 and 62%) and the fiber partial sliding relative to the matrix in the interface debonded region (i.e., 2y max / l c = 2z max /l c = 28 and 57%).
Experimental comparisons
Allen and Mall 22) investigated the out-of-phase TMF behavior of [0/90] 4s Nicalon·-SiC/MAS composites in the temperature range of 566 and 1093°C. The material properties are given by:
/°C, T 0 = 1200°C. The out-of-phase TMF hysteresis loops and fiber/matrix interface debonding/sliding lengths under single and multiple loading stress levels have been predicted using the present analysis, as shown in Figs. 69.
The predicted experimental and theoretical out-of-phase TMF hysteresis loops when · max = 60 MPa are illustrated in Fig. 6(a) . The unloading interface counter-slip length increases nonlinearly with decreases in applied stress up to 30 MPa and then decreases with decreases in applied stress, and approach 39% of the matrix crack spacing; and the interface new slip length increases nonlinearly with increases in applied stress, and approach 72.2% of the matrix crack spacing, as shown in Fig. 6(b) . The stress strain hysteresis loops correspond to the interface partial debonding and the fiber partial sliding relative to the matrix in the interface debonded region.
The experimental and theoretical predicted out-of-phase TMF hysteresis loops when · max = 83 MPa under singlepeak stress and multiple loading peak stress of · max1 = 60 MPa and · max2 = 83 MPa are illustrated in Fig. 7(a) . The hysteresis loop area under single-peak stress of · max = 83 MPa is 18.3 kJ/m 3 ; and the hysteresis loop area under multiple loading peak stress of · max1 = 60 MPa and · max2 = 83 MPa is 15.3 kJ/m 3 , as the interface completely debonds (i.e., 2l d /l c = 1) and the interface counter-slip length and interface new slip length approach the matrix crack spacing at an unloading stress of 57 MPa and new reloading stress of 47 MPa (i.e., 2y max /l c = 2z max /l c = 1), as shown in Fig. 7(b) . The hysteresis loops correspond to the interface partial debonding and partial sliding for single-peak stress of · max = 83 MPa, and complete debonding and complete sliding for multiple loading stress levels of · max1 = 60 MPa and · max2 = 83 MPa.
The experimental and theoretical predicted out-of-phase TMF hysteresis loops when · max = 91 MPa under singlepeak stress and multiple loading peak stress of · max1 = 60 MPa, · max2 = 83 MPa and · max3 = 91 MPa are illustrated in Fig. 8(a) . The hysteresis loop area under single-peak stress of · max = 91 MPa is 29.2 kJ/m 3 ; and the hysteresis loops area under multiple loading peak stress of · max1 = 60 MPa, · max2 = 83 MPa and · max3 = 91 MPa is 20.3 kJ/m 3 , as the interface completely debonds (i.e., 2l d /l c = 1) and the interface counter-slip length and interface new slip length approach the matrix crack spacing at an unloading stress of 66 MPa and new reloading stress of 37 MPa, as shown in Fig. 8(b) . The hysteresis loops correspond to the interface partial debonding and partial sliding for singlepeak stress of · max = 91 MPa, and complete debonding and complete sliding for multiple loading stress levels of · max1 = 60 MPa, · max2 = 83 MPa and · max3 = 91 MPa.
The experimental and theoretical predicted out-of-phase TMF hysteresis loops when · max = 100 MPa under singlepeak stress and multiple loading peak stress of · max1 = 60 MPa, · max2 = 83 MPa, · max3 = 91 MPa and · max4 = 100 MPa are illustrated in Fig. 9(a) . The hysteresis loop area under single-peak stress of · max = 100 MPa is 25.7 kJ/m 3 , and the hysteresis loops area under multiple loading peak stress of · max1 = 60 MPa, · max2 = 83 MPa, · max3 = 91 MPa and · max4 = 100 MPa is 18.3 kJ/m 3 , as the interface completely debonds (2l d /l c = 1) and the interface counter-slip length and interface new slip length approach the matrix crack spacing at an unloading stress of 83 MPa and new reloading stress of 41 MPa, as shown in Fig. 9(b) . The hysteresis loops correspond to the interface partial debonding and partial sliding for single-peak stress of · max = 100 MPa, and complete debonding and complete sliding for multiple loading stress levels of · max1 = 60 MPa, · max2 = 83 MPa, · max3 = 91 MPa and · max4 = 100 MPa.
Conclusions
The present study investigated, the out-of-phase TMF hysteresis loops of fiber-reinforced CMCs subjected to different loading sequences. The effects of the loading sequence, cycle number and thermal cyclic temperature range on TMF hysteresis loops and fiber/matrix interface debonding/sliding have been analyzed. The TMF hysteresis loops and fiber/matrix interface debonding/sliding of cross-ply SiC/MAS composites subjected to single and multiple loading stress levels have been predicted. With increases in the peak stress and thermomechanical cycle number, the area of the thermomechanical fatigue hysteresis loops increases as the fiber/matrix interface slip range upon unloading and reloading increases.
